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^^CMOSCO^OaBOO^UN-T 

BACKGROUND OF THE INVENTION ^ ^ present 

Th e present invention reia.es gener* tod Y semiconducto r 

(CM OS) delay u* used in vo» 9^ * ^ ^ „ synchronize 

app V,cations retire delay ^ circu , s are generally 

oscillator. A ring oscillator w«h two and conUO , purp oses. 

spaced a, ninety electrical degree. ^ ^ ^ may be used ,„ 

Ther e are only a tew Known C^*£» Uslng CM OS circuity has several 

ring orators having Ismail "~ **" *"* 

, nn erent advantages, including low co* ^ ^ for ^ 

sub s,rate and protection trom powe "0,^ ^ ^ ^ hgve . ga , n 

oscillators with only two delay ^ g Agrees at the same time. However, 
nigher than one and a phase shrft of 90 deg fe ^ ^ 

Xentia, hng oscillators with °* - ^ ^ ,„ a ring oscllator 
offer better phase nolse and i„ter perfo man ^ ^ 
h aving more than two delay stag* •» • art de , ay cell 10 

Figure , depicts a poor art d a^ce ^ ^ ^ ^ , current 

includes linear gain amplify _ « and 18. The negative MOS 

source transistor 14. and a hias ,np* The pos ,, ve M0 S 

(NM0 S, inputtransistors 11 con*** £ 12 are connected 
PMO S> devices 12 and 13 are ^ to their drains. The 

L the circu,, as diodes, that * £ - ^ the ^ current source 14 



increases the transconductance g m of the input transistors 1 1 . This has the 
effect of increasing the gain or speed of the cell. For proper functioning of the 
delay cell, a corresponding increase is needed in the g m of PMOS load 
transistors 12 and 13. 

In another way of using this device, reducing the second bias voltage 18, 
also increases the g m of the PMOS devices connected to this node. Second bias 
voltage 18 is set in such a way that the g m of the devices connected to the 
second bias voltage 18 is the same the g m of diode connected PMOS devices 12 
when the input differential voltage is zero. In an ideal case, the gain of the delay 
cell 10 remains the same for higher or lower tail current, but the g m of the 
differential input stage and load elements are increased. This increases the 
speed of the cell. Diode connected PMOS devices are necessary in order to 
define the output common mode voltage level. This device is thus both 
complicated and also limited in its functions. 

Fig. 2 depicts a prior art delay unit 20 using many transistors and 
connections. Delay unit 20 includes a differential amplifier 21 and a positive 
feedback amplifier 22, each delay cell made of four transistors. The differential 
amplifier 21 includes transistors 23 and 26, while the positive feedback amplifier 
22 includes transistors 24 and 25. Transistors 23 and 24 are NMOS transistors 
while transistors 25, 26 are PMOS transistors. The vertical series of transistors, 
pairing an NMOS upper transistor 23, 24 with a lower PMOS transistor 25, 26, 
constitute complementary amplifiers, with their gates connected as input 
terminals and their drains connected as an output terminal. 

With their sources connected, the several transistors 23, 26 act as a 
differential amplifier, receiving an input signal from input terminals Vj n 1 and Vj n 2. 
The differential amplifier amplifies the input signals and sends output voltages 
V ou t2. charging and discharging capacitors Csi and Cs 2 . Transistors 24, 25 
constitute a positive feedback circuit, in that their gates are tied to their drains, 
and to the output of the differential amplifier. The diagram also depicts inherent 



olaced into the input 

transistors requ.red for smg of such ctrcu,ts, esp 

even more from some of the "°' Se ^ used in applications where the 
luencv noise. Other circuits canno U. u. Such circ u„s 

^i—may include*^ 



RRIEF SUMMARY rt a bett er delay unit is 

In order to address the ^'^"^^J^ ^g jh^number of transistors and 

components in a delay unit. Als° d ' mese dela y unrts. 

One embodiment includes a **' ach amplifier having two 



the gates of the linear amplifier. The output of the delay unit is taken from the 
joined outputs of the positive feedback amplifier and the linear amplifier. 

Another embodiment includes a voltage controlled oscillator using two 
such delay units in series. The oscillator has a first delay unit and a second 
delay unit, each having four transistors. In both units, a first and a second 
transistor are connected as a first amplifier, a two-transistor positive amplifier, 
with the gate of the first transistor connected to the source of the second 
transistor, and the source of the second transistor connected to the gate of the 
first transistor. There is a second amplifier having a third and a fourth transistor, 
the drains of the third and fourth transistors connector to the sources of the first 
and third transistors respectively, the connections forming outputs of each of the 
two delay units. The outputs of the first delay unit are connected to gates of the 
second amplifier of the second delay unit, and the outputs of the second delay 
unit are connected to gates of the second amplifier of the first delay unit. A 
control input and power supply voltage are then connected to the drains of the 
first amplifiers. 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS 

Figs. 1 and 2 are prior art delay units. 

Figs. 3a and 3b are embodiments of a delay unit. 

Figs. 4a and 4b are further embodiments of a delay unit 

Figs. 5-8 are delay unit embodiments useful for a two-stage voltage 
controlled oscillator or voltage controlled delay line. 

Fig. 9 is an embodiment with an improved voltage-to-frequency circuit 
using the delay unit. 

Fig. 10 is an embodiment of a delay unit embodiment useful as a 
frequency synthesizer. 

Fig. 11 is an embodiment with a phase locked loop. 

Fig. 12 is an embodiment with a delay locked loop. 

Fig. 13 is an embodiment with a phase accumulator. 



and in particular as that the terms p-channe, and n- 

transistors. Those skilled ,n ' -^^ors dfccussed herein, since 
cfcannel might ™» «*"-* " led by deposing met* events. 
th ese transistors are typical* ~^er source and gate regions are 

used, and are so used herein i 

processes. a positive feedback amplifier 50, a 

Fig. 3 a depicts a delay un* 30 ors 66 and 58 are 

PM OS transistors and are ~ transi5tor . A supply voHage and 

each transistor is tied to the dra, ofth o ^ ^ the 

contro , voltage V p «, along ^ con „ec,ed to a linear amp *r 

amP ,i«er. The drains o. the (ransistors 60 a nd 62. A deferential 

52 . and particularly to the *™<*»£,^ , inear ampler transistors 60, 62. 
voltage signal is connected to ,h < by ^ supp|y and contro, 

The vokage output, now having a delay ^ ^ Qf (he 

voltage and V, is taKen from <he V- 1 - * ^ ^ ^ ^ 62 . 

positive feedback amplifier 5 ^eZ^ -pimer 50 is wired so that the 

ln this configuration, the positive fee ^ ^ a% 

.ansistors 56, 58 ac, as pu,l-up trans,- * _ ^ „ pos , t , ve 

pu „down transistors. Thus, the d«£- 1 ^ 
Ldback portion 50 coupling the outputs of 



degrees phase difference. With « *« " input voltage , that is, there . 

. ,arge voltage swing, from V„ ne y for ^ use , and 

a „„„s the delay uoK to have a a , s0 provides for 

jmpr „ves the ratio ot oscillation ° ^ of the de ,ay unKs, 

nearly symm e,ric rise and tail - ^ . vo , tage osc i„a,or or freguency 
whet her a single untt or several insenest 

synthesizer. the , oaa of the positive feedback 

Fi , 3b depicts another ^ „ ^ PM0 S 

portion 51 of the amplifier 33, by add g ^ with their 

tra nsis,ors 57, 59. Transistors ^ ~ 3 gg Thus , the .. M0 S 

drains, in paraiie, with ^ (eedba cK amplifier 51 portion o, the 

diodes . increase the ^^^^ - «"*"* ^'^ * 
amplifier 33, and thus the ratio of «rans»n ^ of NMO S 

tn e transconductance of the imear am f a P the 
tra „sistors 60, 6, The output - about 5,6 micrometers and 

NM OS transistors 60, 62 have n 66 . 68 nave a p- 

a length of about 0.18 micrometers^ ^ ^ q j8 mlcrometer s. 

— — nne, width ofaboutLOmicrometersanda 

The PMOS diodes 57, 59 have a p 

p .channe, length o, about 0.18 micrometer ^ ^ ^ ^ whjch (he 

Hg. 4a depicts a complementa^e o (0 the delay 

PMO S and NMOS transistors are essen, * r ^ ^ propertles of 

unit 30 o, Fig. 3a. Th,s circuit manufactunng processes for 



10 



20 



25 



... cr incudes PMOS transistors 72, 74. The 
ground. Vneg. The linear a™p,*er « drains Qf „, NMOS translstors 

drains of the PMOS transfers 72, 74 le ?g ^ ^ 

76 , 78 o, the positive feedback ampl , 70 Jhe N ^ ^ ^ 

conned back-to-bacK, w*h the ga* voltage ou,put a, the 

output signal of the deiay unit . «• " • ^ positive feedback 

„. 69 across positive ^ ^ NMOS 

amplifier NMOS transistors 76. 78. ^ rf ^ ^ un , 

43 includes linear ampler 66 and PU ^ ^ ^ by 

the ratios between the use and fall tomes ° apd pMOS 

changing the ratio of ™~»^" C ^J miml ^ hv 
tra nsis,ors of the delay units. age of me delay units. In 

adjusting the control voltage and 9 of the PMO S and 

ma nu,acturing. the ohanne, width and * " ^ g > ^ „ 
m0 S transistors may aiso he ^^ m 0S transistors are 

lH CMOS ents are among the smalies, 

manufactured side-by-s.de. CMOS comp ^ ^ 

commercially available, thus making the ™££L is thus also Kept as 

as small as possible. The inherent. and ke eps per to 

•■I Thic; nrovides excellent frequency H 

- aS p0SS,b ' e Th ' S a ri circuits are manufactured on the same wafer o, 
a mi nimum Beca- a ^ ^ ^ „ ^ 

silicon, the integrated circuits, «" ^ ratn , e environmental conditions, 

te nd to be affected relatively ^^^^'^ variations may 
and variations inherent in the manufacturing process. 
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lots or even furnace 
nheres furnace conditions, material lots, 
inclu de humidity, atmospheres, fu affected 
carriers used. Ail circuits made a. o e - ^ ^ ^ 

Fig . 5 depicts another emho ^ ^ controlled osc ,Ha,or 
and 84 are connected in senes as sho ^ ^ g2 depicts . 

80 (V CO> or S4 depicts the second stage, wherein 

fir s, stage of the VCO 80. w* delay u„ ^ ^ (he , r 

th e only dMerence between the two stag ^ , flrst 

out pu,s. ™^^* 2 ^ZtZ ^K- F'rst amplif-s 50 
(feedb acK> amplifier 50 and a secon £-0 <> ampnfiers , w i,h 

Llude PMOS transistors 86 88. c n - J> ^ ^ ffi , dude 
. gate of one transistor t,ed to a d*n * ^ ^ ^ drains 

«OS transistors 90. 92, conn-to £ - > ^ ^ The use o, 
connected to the drains o, the amP - ^ _ ^ ^ and as . 

the control input and positive sup* Qf CM0S tecnnology , 

centre, input taKes advantage of the "he ^ K and 84 . 

connecting to the sources o, W™*"^ 94 „ as shown, and a negative 

Tne control input to the pos„,v t-m*. ^ ^ 

supp , y voltage (or ground) a, 1 * are ^ed as shown at 

JdU ambers 50 and linear ^ unfts ^ „ 4 Thus , the r,rst 
connections 68, in hoth the f,rs. and he - ^ ^ ^ ^ , and 

and second amplifiers are — ^ * ^ ^ The output 

pha se 3 connected to the gates o the sec P ^ 2 

signal of the second stage unit . «« - * ^ and the out put 

^^-^^^j^«--or«. The output signaio 
pnase 4 connected to the gate of first st g ^ frequency of 

^ VCO is taKen from output ,rn^ » - ^ ^ ^ ^ voltage . The 
tne output signals will vary w„ « ^ parasitic capactance 
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different output nodes. The timing of the charging and discharging is dependent 
on the voltage inputs to the VCO 80 or voltage-to-frequency converter. 

As may be apparent from Fig. 5, and will be shown later in Fig. 6, one or 
more than one output signal of a VCO may be used, that is one or more than one 
phase output of a VCO may be used. The embodiments depicted here with the 
improved delay units deliver all phases, in Fig. 5, four phases, of the same 
frequency with equal time and phase distance between the outputs, two outputs 
per delay unit. Thus, in the 2-delay unit VCO of Fig. 5, there are four equidistant 
phases. A VCO having three differential delay units will yield six equidistant 
phases, and so on. The output terminals need not be discrete components, but 
may be any point of contact between traces or conductive paths of the delay unit. 
Thus, the word "terminal," whether applied to input terminals, output terminals, or 
a point of input voltage or current to any drain, source or gate, may mean any 
point of contact, rather than a specific component meant to be soldered or 
welded on. 

Fig. 6 is another embodiment of a two-delay unit 91 for a VCO, this time 
using two delay units 40, 41 from Fig. 4a. Delay units 40, 41 each have a first 
(linear) amplifier 66 and a second (feedback) amplifier 70. The first amplifier 66 
of each delay unit has PMOS transistors 72, 74, and the second amplifier 70 of 
each delay unit has NMOS transistors 76, 78. In the first delay unit 40 of this 
embodiment, a positive voltage V pos is connected to PMOS transistors 72 and 74, 
whose drains are connected to drains of NMOS transistors 76, 78. A gate of 
each NMOS transistor 76, 78 is joined to a drain of the other NMOS transistor, 
78, 76. Output connections 68, joining the first and second amplifiers, are 
connected to the second delay unit 41 , and to gates of PMOS transistors 72, 74 
of the second delay unit 41 . Drains of the PMOS transistors 72, 74 of the second 
delay unit 41 are joined to the drains of the NMOS transistors 76, 78 of the 
second delay unit, forming connections 68. Output terminals 79 of the VCO 



provide an output signal. Note that several delay units in series may constitute a 
"delay unit" or a "delay line." 

Figs. 5 and 6 depicted embodiments in which similar versions of two delay 
units were joined in series to provide a 2-delay unit VCO. Other embodiments 
may used three or more delay units. In still other embodiments, two or more 
delay units may be used, including both embodiments of the delay units 
according to Figs. 3a, 3b, 4a, and 4b. Fig. 7 depicts a two-delay cell delay unit 
93 in which a delay unit 30 according to Fig. 3a is used as a first delay cell, and a 
delay unit 40 according to Fig. 4a is used as a second delay cell. Fig. 8 depicts 
an embodiment in which a delay unit 40 is a first delay cell, with a delay unit 30 
as the second delay cell. Other embodiments may use more than two delay 
units, by simply connecting the joined drains of one delay unit to the gates of the 
next. 

In Fig. 7, two delay cell unit 93 has a first delay unit 30 having a first 
amplifier 50 and a second amplifier 52, joined at connections 68. The first 
amplifier 50 has PMOS transistors 56, 58, in which a gate of one PMOS 
transistor is connected to a drain of the other, while the second amplifier 52 has 
NMOS transistors 60, 62 connected to accept an input voltage. The amplifiers 
are connected at connections 68 and then to a second delay unit 40. Delay unit 
40 is of the complementary type depicted in Fig. 4a, in which first amplifier 66 
has PMOS transistors 72, 74, and second amplifier 70 has NMOS transistors 76, 
78. Amplifiers 70 and 66 are connected at connections 68, and an output may 
be taken at terminals 81 . 

In Fig. 8, the order of the delay units in two-stage delay cell 95 is reversed, 
with a first delay unit 40 and a second delay unit 30. First delay unit 40 has a 
first amplifier 66 and second amplifier 70, first amplifier 66 with PMOS transistors 
72, 74 connected to receive an input voltage at their gates. The second amplifier 
70 has NMOS transistors 76, 78, in which a gate of one transistor is connected to 
a drain of the other. The first amplifier and the second amplifier are connected at 
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connections 68 by the drains of the several transistors, and thence to the second 
delay unit 30. Second delay unit 30 has a first amplifier 50 and a second 
amplifier 52, the two amplifiers connected at connections 68, at which connection 
an output signal may be taken. First amplifier 50 has back-to-back connections 
in which a gate of one PMOS transistor 56, 58 is connected to a drain of the 
other. Second amplifier 52 is connected to receive the input signal from the first 
delay unit at gates of NMOS transistors 60, 62, and the drains of the transistors 
are connected to connectors 68. 

Fig. 9 is another embodiment of a voltage-to-frequency converter 100, this 
time using an explicit charge pump, 98, a buffer amplifier 109, and a two-unit 
delay cell 97, similar to that depicted in Fig. 5. Charge pump 98 includes two 
transistors 102, 104 with gates connected to control inputs 106, and having 
current sources 110. The output of the charge pump charges and discharges 
through capacitor 108, and is buffered by buffer amplifier 109. The buffered 
output voltage then becomes the input voltage to the two-unit delay cell 97, 
similar to that of Fig. 5, with all elements as previously described. Fig. 10 is 
another embodiment of a VCO 1 01 , with the output phase signals 1,2,3 and 4 
connected to amplifiers 111 for the four output phases in two-unit delay cell 97. 
Each output signal is removed in phase at least 90 degrees from the others. 

Delay units are also useful in synchronizing outputs or removing a clock 
delay in a circuit. Two circuits remove clock delay, a phase-locked loop and a 
delay-locked loop. These circuits may also perform other functions, such as 
frequency synthesis and phase shifting. Fig. 11 is an embodiment of a phase- 
locked loop 115 using a delay unit of the above description. A two-delay stage 
voltage-controlled oscillator (VCO) 120 or voltage-to-frequency converter may 
send its output signals to voltage divider 130 and simultaneously to a phase 
frequency detector 140. The VCO will run at input reference frequency, Vin, 
multiplied by the feedback divider factor from the feedback divider 130. The 
output of the feedback counter is connected to the feedback input signal of the 
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150 charges and discharges 

^ r ^s, ,en»ved « ^Lop «» 220. 

Lo op filter 220 may cons,, ony o * « ^ ^ ^ 19 0. 

ac u " l may *ave a P™9— * ^ ar noun ( C *e,ay, ano *en 

tprina the VCO/de\ay line 270 as con nected to a phase 

entenng the ^ 270 may ^ 

output s»gnals 27b rp used in outside arcu.ts, sucn a 

^^^^^ 
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ns ing edge. Since n ^ generates to gg ^ ^ ^ 

W-W 2 (m " the programmable unit may subt act 
outputs is larger than .J-P^ ^ ^ r ,, ng and so on. 
generate an additional J» w same signal. 

tna t ail toggle signals are e ^ ^ n e ^ 

A „hough only ^plated. Fot example, M 
othe r embodiments are «o*^ ^" in9 or two delay 

ma ny other «nds of <" featured use °* °- J fo[ 

units >n tandem, o ter may be am req uiring an 

ot more delay units ?' OTlde phas e-locKed loop, a delay 

oscillator, a fluency the present inven„on. B * ^ 

■mutator may also Den . „ R ^elav units con 

pha se acc mu^to ^ ^ having * * ^ „ „ egativ e 

an example of a b vo|Bge at rail terminals 

supply voltage at ran 96^ ^ s , gna , at o P ^ 

312 , and outputtmg a differ ^ may De , ak e 

nther outputs ana v 
°' °° U slnhe delay units o. the delay «. 310- [athertha „ 
connections of the o foregoing descripti .. „ uwate nts, 
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